Intellectual disabilities (IDs) and autism spectrum disorders link to human APC inactivating gene mutations. However, little is known about adenomatous polyposis coli's (APC's) role in the mammalian brain. This study is the first direct test of the impact of APC loss on central synapses, cognition and behavior. Using our newly generated APC conditional knock-out (cKO) mouse, we show that deletion of this single gene in forebrain neurons leads to a multisyndromic neurodevelopmental disorder. APC cKO mice, compared with wild-type littermates, exhibit learning and memory impairments, and autistic-like behaviors (increased repetitive behaviors, reduced social interest). To begin to elucidate neuronal changes caused by APC loss, we focused on the hippocampus, a key brain region for cognitive function. APC cKO mice display increased synaptic spine density, and altered synaptic function (increased frequency of miniature excitatory synaptic currents, modestly enhanced long-term potentiation). In addition, we found excessive β-catenin levels and associated changes in canonical Wnt target gene expression and N-cadherin synaptic adhesion complexes, including reduced levels of presenilin1. Our findings identify some novel functional and molecular changes not observed previously in other genetic mutant mouse models of co-morbid cognitive and autistic-like disabilities. This work thereby has important implications for potential therapeutic targets and the impact of their modulation. We provide new insights into molecular perturbations and cell types that are relevant to human ID and autism. In addition, our data elucidate a novel role for APC in the mammalian brain as a hub that links to and regulates synaptic adhesion and signal transduction pathways critical for normal cognition and behavior.
INTRODUCTION
Normal learning and behavior require the proper maturation and plasticity of synapses. Large-scale genetic screens of families with autism spectrum disorder (ASD) and intellectual disabilities (ID) have identified hundreds of risk genes that converge on synaptic abnormalities as the core cause. 1, 2 The prevalence of these neurodevelopmental disorders underscores the importance of identifying key synaptic regulators and the underlying mechanisms whereby they control cognition and behavior. Here, we identify the adenomatous polyposis coli (APC) protein as an essential regulator, in vivo, of synaptic density, maturation and signal transduction networks in forebrain neurons.
APC is a ubiquitiously expressed, large scaffold protein with multiple binding partners and functions. It is the major negative regulator of β-catenin levels in the canonical Wnt pathway, serving as an essential component of the multi-molecular degradation complex that targets β-catenin for ubiquitinmediated proteosomal degradation. 3 β-Catenin has dual roles in cadherin synaptic adhesion complexes and canonical Wnt signal transduction: both networks are essential for normal brain development and function. Accumulating evidence indicates that perturbations of APC, β-catenin and canonical Wnt function link to cognitive and behavioral disabilities.
APC has been recently identified as a risk gene for neurodevelopmental brain disorders. Individuals with APC disruptive mutations, heterozygous due to de novo or inherited deletion, exhibit ID, ranging from severe to mild. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] APC heterozygous deletion and polymorphisms also associate with ASD, 11, 14 albeit less prevalent than the link to ID. Interestingly, human de novo loss-of-function mutations in CHD8 (chromodomain helicase DNAbinding protein 8) are a high-confidence risk factor for sporadic ASD. [15] [16] [17] [18] [19] [20] Similar to APC, CHD8 negatively regulates β-cateninmediated gene transcription. Further, Wnt copy number variants and mutations have been identified in patients with ASD, including a rare Wnt1 missense mutation with increased canonical Wnt pathway activation. [21] [22] [23] Mutations in the human CTNNB1 (β-catenin) gene itself also link to sporadic ASD/ID. 24, 25 These clinical associations highlight the importance of defining pathophysiological changes caused by APC loss of function and deregulation of β-catenin networks in the mammalian brain.
In neurons, APC is enriched at excitatory postsynaptic sites. Our previous studies provided the first identification of APC's role at neuronal synapses. We showed that APC is required for proper maturation of nicotinic synapses in avian autonomic neurons. [26] [27] [28] APC is also enriched at glutamatergic synapses in the mammalian brain. 29, 30 To gain insights into its role at central synapses in vivo, we have generated a new APC conditional knock-out (cKO) mouse with deletion targeted predominantly to forebrain excitatory neurons during synaptic differentiation. We show here that the APC cKO mouse is a new model of cognitive and autistic disabilities. Most important, our findings elucidate novel pathophysiological mechanisms associated with these disabilities.
MATERIALS AND METHODS Animals
APC cKO mice were generated by crossing APClox468/lox468 mice 31 with CamKII-Cre mice. 32 Littermates, negative for Cre, were used as controls in all experiments. For synaptic spine analysis, Thy1-YFP mice 33 were crossed with APC cKO mice to obtain APC cKO-Thy1-YFP mice. All procedures were approved by the Tufts University Institutional Animal Care and Use Committee in accordance with National Institutes of Health guidelines.
Immunoblot analysis of lysates and postsynaptic density fractions Post-synaptic density fractions were prepared as previously described. 34 Immunoprecipitation was performed with N-cadherin on protein A/G sepharose (both from Santa Cruz, Dallas, TX, USA). Immunoblots were analyzed with these antibodies: APC (Santa Cruz); β-catenin (Invitrogen, Grand Island, NY, USA); N-cadherin (above); Presenilin 1 (Millipore, Billerica, MA, USA); with glyceraldehyde 3-phosphate dehydrogenase (Chemicon; Billerica, MA, USA) as loading control.
Behavioral testing
Male mice were housed on a reverse 12-h light/dark cycle, and handled 5 min daily for a week before behavioral testing. Diagnostic behavioral assays were performed as previously described [35] [36] [37] [38] in the Tufts Center for Neuroscience Research Animal Behavior Facility.
Quantitative PCR RNA extracted from APC cKO and control forebrain regions was used to generate cDNAs analyzed by qPCR with the following primer sets (MGH Primer Bank): ctnnb1, dkk1, sp5, neurog1, syn2 and gapdh (endogenous control).
Immunostaining
Mouse brains were fixed by transcardial perfusion (4% paraformaldehyde in phosphate-buffered saline). Immunostaining was performed on 50-μm coronal frozen sections with β-catenin antibody (above) and counterstained with 4′-6-diamidino-2-phenylindole (Acros Organics, Fair Lawn, NJ, USA) to identify nuclei. Sections were imaged with a Zeiss Axioskop epifluorescence microscope (Carl Zeiss Microscopy, Jena, Germany).
Quantification of dendritic spines
Pyramidal neurons from APC cKO-Thy1-YFP and control-YFP were imaged by confocal microscopy (Nikon A1R laser confocal scanning microscope (Nikon Instruments, Melville, NY, USA); × 63 objective; 3 × zoom). Dendritic spines were reconstructed (Imaris software, Zurich, Switzerland), and spine density and shape were calculated. In separate experiments, Golgi-Cox staining (FD NeuroTechnologies, Columbia, MD, USA) was performed according to the manufacturer's instructions.
Miniature excitatory postsynaptic currents
Whole-cell recordings of miniature EPSCs were obtained at − 60 mV holding potential using patch electrodes (3 MΩ). TTX, AP5 (Tocris, Bristol, UK) and bicuculine (Sigma Aldrich, St Louis, MO, USA) were added to artificial cerebrospinal fluid to inhibit spontaneous action potentialmediated synaptic currents and isolate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated currents. Data were filtered at 1 kHz and digitized at a sampling rate of 1 kHz. Miniature excitatory postsynaptic currents (mEPSCs) were detected with a 6-pA threshold level.
Extracellular recordings
Field potentials were recorded from CA1 neurons by stimulating Schaffer collaterals (SCs) at 0.033 Hz to obtain amplitudes that were 40-50% of that obtained with maximal stimulation. Data were filtered at 1 kHz and sampled at 10 kHz. Long-term potentiation (LTP) was electrically induced by theta-burst stimulation (five trains, each for 50 ms duration of 100 Hz trains, repeated four times at 200 ms interval). Long-term depression was induced by 10 min application of 3,5-dihydroxyphenylglycine (Tocris). Magnitude of LTP or long-term depression was measured 1 h after application of the protocols. LTP and long-term depression histograms represent the average response over the last 10 min of recording.
RESULTS

Generation of APC cKO mice
To gain new insights into APC's functions in the mammalian brain, we generated mice with cKO of APC targeted predominantly to excitatory neurons because APC is enriched at these postsynaptic sites. 26, [28] [29] [30] Support for the human disease relevance of this approach stems from the recent identification of this particular cell type and developmental stage as central to convergent expression of ASD and overlapping ASD/ID risk genes in human and mouse brains. 20, 39 Thus, the APC cKO mouse does not directly model the human genetic disorder but it enables elucidation of ID/ASD relevant biological mechanisms. Further, this cKO approach is necessary because APC global knock-out is embryonic lethal, 40 and its targeted deletion in all embryonic neural progenitor cells leads to severe defects in radial glia polarity, generation and migration of cortical neurons, and construction of the cerebral cortex. 41, 42 We crossed mice carrying floxed APC alleles with CaMKII-Cre mice expressing Cre recombinase driven by the α-calcium/ calmodulin-dependent protein kinase II promoter. 32 Crosses with the Rosa26R reporter mouse line indicate that the Cre transgene is expressed chiefly in postmitotic excitatory neurons during synapse differentiation, within the first 3 postnatal weeks, throughout the brain, except for the cerebellum. 32 APC is selectively deleted by Cre-dependent excision of loxP flanked exons 11 and 12, leading to out-of-frame splicing of exon 10 to exon 13 and generation of a prematurely terminated, unstable 468-amino-acid APC protein lacking all identified protein interaction domains. 31 In all experiments, APC cKO mice were compared with control littermates consisting of mice expressing either floxed APC alleles alone or Cre-recombinase transgene alone, both show no change in APC protein levels (Supplementary Figures  1 and 2) .
We confirmed APC protein depletion in the cKO mouse brain by showing dramatic reductions in the hippocampus and cortex (Figures 1a and b ; P = 0.0019 and P = 0.022, respectively, Student's t-test). Small amounts of APC protein remaining likely derive from glial cells and interneurons, as APC is ubiquitously expressed, but α-CaMKII-Cre transgene is not expressed in these cell types. 32 However, APC levels are also reduced in the striatum (Figures 1a and b; P = 0.0058, Student's t-test), which predominantly contains medium-spiny neurons. These inhibitory neurons, in contrast to cortical and hippocampal interneurons, do express the α-CaMKII-Cre transgene. 32, 43, 44 Thus, APC is depleted in these inhibitory neurons, and the pool normally bound to microtubules in corticostriatal excitatory inputs. In comparison, cerebellar APC levels are not altered (Figure 1a and b) as this Cre transgene is not expressed in this region. 32 Impaired learning and memory in APC cKO mice Because patients with APC heterozygous gene deletions exhibit ID, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] we tested for altered cognitive function in APC cKO mice, relative to control littermates. We first employed the Barnes maze task to assess hippocampal-dependent spatial learning and memory. 35 APC cKO mice exhibited delayed learning. They improved by trial 6, whereas controls improved by To assess memory formation, we performed probe trials on days 5 and 12. On day 5, APC cKO mice showed strong preference for the goal (Figures 2a-d and f), consistent with their ability to perform the task by day 4 trials. In sharp contrast, APC cKO mice performed poorly on day 12, whereas controls maintained strong preference for the goal (Figures 2a and g ). APC cKO mice had double the latency to goal (P = 0.0064 Sidak-Bonferroni corrected t-test), committed three times as many errors (P = 0.000005) and took less efficient routes to the goal (P = 0.019; Figures 2b-d). This poor performance suggests deficits in long-term spatial memory consolidation in APC cKO mice.
As a separate test of hippocampal-dependent working memory and responsiveness to novelty, we used the continuous spontaneous alternation Y-maze task. 36 APC cKO mice showed reduced rates of alternation between the symmetrical arms ( Figure 2h ; P = 0.032 Student's t-test), not significantly different from the chance rate of 50% (cKO P = 0.1078; control littermate P = 0.0038 one-sample t-test).
In a related study, APC heterozygous mice (whole body), modeling haploinsufficiency in humans, show age-dependent deficits in working memory, but also anemia and hypoactivity. 45 As potential confounds that could impact performance in behavior assays, we ruled out impaired locomotion and hypo-or hyper-activity in APC cKO mice (predominantly glutamatergic neuron-specific depletion). APC cKO mice, compared with control littermates, displayed no differences in average speed in the Barnes Maze task (Figure 2e ; P = 0.20 repeated measures ANOVA, F(1, 24) = 1.72), frequency of arm entries in the Y maze task (P = 0.432 Student's t-test), overall activity or distance traveled during home cage monitoring over 30 h (P = 0.21 repeated measures ANOVA, F (1, 19) = 1.717), or stride length in gait analysis (right side: P = 0.48, left side: P = 0.81, Student's t-test). In summary, APC is essential in forebrain neurons for normal cognition.
Autistic-like behaviors in APC cKO mice Based on ID/ASD in patients with APC inactivating mutations, 11, 14 we tested APC cKO mice using diagnostic assays designed to test for autistic-like phenotypes in mice. 38 APC cKO mice displayed increased repetitive behavior in the marble-burying assay, burying 1.6 times more marbles than control littermates (P = 0.0056, Student's t-test). Increased marble burying reflects repetitive digging behavior and does not correlate with anxiety-related measures. 46 Consistent with this, APC cKO mice exhibited decreased anxiety-like behavior in the elevated plus maze task, spending four times more time in the open arms (P = 0.0052, Student's t-test). The differences are not due to hyperactivity, as the mice travelled similar total distances (P = 0.407).
APC cKO mice also showed increased repetitive behavior in the repetitive novel object contact task, which measures the number of times the mice investigate each of four novel objects, and the sequence in which the objects are visited during the test period. 37 Increased repetition of a pattern of sequential object investigations indicates stereotypy. All four objects were of similar interest to cKO and control mice based on their ranked preferences (Supplementary Figure 1) . APC cKO mice made a greater number of visits (P = 0.0035 repeated measures ANOVA, F(1,16) = 11.69), suggesting that controls habituated to the objects, whereas cKOs did not (Supplementary Figure 2) . Most important, APC cKO mice showed 'preferred' sequences, they repeated a specific sequence of four-object visits significantly more times (P = 0.0042, Student's t-test), after normalizing for total number of object visits (Figure 3a) . The 'preferred' sequences likely derive from their distinct movement patterns, APC cKO mice displayed increased preservation of their direction of movement, traveling clockwise or counterclockwise during object visits ( Figure 3b ).
Next, we tested for reduced social interest, another hallmark of ASD. Because social interactions between mice depend on olfactory cues, we first performed a social versus non-social olfaction test. 38 APC cKO mice and control littermates showed a similar level of interest in non-social odors, indicating intact olfactory function (Figures 3c and d) . In addition, both showed typical habituation, spending less time investigating the same non-social odor over three successive exposures, followed by renewed interest for a novel non-social odor.
In contrast, APC cKO mice, compared with controls, exhibited significantly less interest in social odors (P = 0.0033 repeated measures ANOVA F(1, 34) = 10.00), from both male and female cages, suggesting reduced social interest (Figure 3e ). Further, APC cKO mice showed less robust habituation on successive social trials (Figure 3f ; P = 0.01564 linear regression of difference in slopes F(1,50) = 6.26347), despite their normal habituation response to non-social odors.
In addition, we performed the classic three-chambered social interaction test. 38 As expected, control mice spent more time interacting with the caged novel mouse, compared with the empty cage (Figure 3g ). APC cKO mice showed a similar trend (P = 0.000001, two-way ANOVA, F(1,24) = 89.23, differenes between cages), but spent significantly less time interacting with (sniffing) the novel mouse (P = 0.005, Sidak-Bonferroni corrected t-test; P = 0.000001, two-way ANOVA, F(1,24) differences between genotype). There was no difference in exploration levels between cKO mice and controls, as both made a similar number of transitions between chambers (P = 0.1401, two-way ANOVA, F(1,24) = 2.328; Figure 3h ). Overall, APC cKO mice display modestly reduced social interest, relative to controls, whereas their interest in non-social odors is normal.
Excessive β-catenin levels in the APC cKO forebrain To begin to define neuronal changes caused by APC loss, we tested for altered levels of the APC-binding partner β-catenin that, in turn, modulates synaptic function and plasticity via its dual roles (green, a) , using wall-mounted spatial cues, after 2 days, with 2 trials per day, as measured by (b) latency to find the goal, (c) number of errors committed before reaching the goal and (d) path efficiency. APC cKO mice showed slower improvement, (a, b) requiring 3-4 days to learn the location of the goal hole, (c) committing more errors and (d) taking less efficient paths to the hole throughout most of the test period. No differences were found in (e) average speed between the cKOs and control littermates during the task. (a, f) Probe trial on day 5 shows that both cKO mice and controls display a strong preference for the goal location, as measured by the number of visits to the goal hole. (a, g) Probe trial on day 12 shows that cKOs do not retain preference for the goal location, whereas controls do. One week after training (probe trial day 12), APC cKO mice (b) take longer time to reach the goal location, (c) commit more errors and (d) take a less efficient path, relative to control littermates, suggesting impaired long-term memory formation. *P o0.05, Sidak-Bonferroni corrected t-test, n = 12 APC cKO mice and 14 control littermates. (h) In the continuous spontaneous alternation task to assess working memory, control littermates showed a preference to alternate, whereas APC cKOs did not; they alternated close to the chance rate of 50%. *P o0.05, Student's t-test, n = 7 APC cKO mice and 6 control littermates.
in cadherin-containing synaptic adhesion complexes and the canonical Wnt signal transduction pathway. Consistent with APC's role as a negative regulator of β-catenin levels in the canonical Wnt pathway, 3 β-catenin protein levels increased by twofold in APC cKO forebrain regions (Figure 4a ; hippocampus, P = 0.00022; cortex, P = 0.025; striatum, P = 0.012, Student's t-test), whereas ctnnb1 (β-catenin) mRNA levels were not altered (quantitative PCR; cortex, P = 0.285; hippocampus, P = 0.086, Student's t-test). Synaptic β-catenin protein levels were also increased in isolated cortical and hippocampal postsynaptic density fractions.
APC cKO mice displayed dysregulation of the β-catenin/Wnt pathway. β-Catenin nuclear localization was increased in cortical, hippocampal and striatal neurons of APC cKO mice (Figure 4b ; nuclear fluorescent pixel intensity per μm 2 ; n = 4 cKO, 3 control (ctl) mice; n = 30 cKO, 33 ctl neurons, P = 0.003; 18 cKO, 18 ctl, P = 5.0e-7; 49 cKO, 52 ctl, P = 0.02 Student's t-test, respective regions). In addition, several Wnt target genes showed augmented expression levels in the APC cKO hippocampus, including Sp5, a transcriptional repressor of Sp1 genes 47 (P = 0.005, Student's t-test), neurog1, implicated in cortical neuronal differentiation 48, 49 (P = 0.038), syn2, a synaptic vesicle phosphoprotein that functions to maintain the reserve pool of glutamatergic vesicles, 50 recently predicted to be a Wnt target 51 (P = 0.021), and dkk1, a Wnt antagonist (P = 0.011; Figure 4c ). Increased dkk1 mRNA levels is indicative of a feedback mechanism to restrain enhanced Wnt signaling, as seen in transgenic mice with conditional augmentation of β-catenin in the forebrain. 52 N-Cadherin adhesion complexes were also altered in the APC cKO hippocampus. β-Catenin showed increased co-precipitation with N-cadherin (Figure 4d ), whereas total levels of N-cadherin were not altered (Figure 4e ), suggesting their enhanced association at the synapse. Next, we tested for changes in presenilin1 levels, based on its interactions with these synaptic components. 53 Presenilin1 levels were reduced ( Figure 4e hippocampus, P = 0.021, Student's t-test). Presenilin1 cKO, using a similar CamkII-Cre line, caused cognitive impairments. 54 Taken together, these molecular changes identify APC as a hub that links to and regulates synaptic adhesion and signal transduction networks.
Increases in synaptic spine density in APC cKO pyramidal neurons Enhanced β-catenin levels lead to increased synaptic spine density in cultured hippocampal neurons. 55, 56 APC cKO mice exhibited increased synaptic spine density in vivo, on apical dendrites of cortical layer 5 pyramidal neurons (P = 0.014, Student's t-test) and hippocampal CA1 pyramidal neurons (P = 0.0002; Figures 5a and  b) . Further, less mature stub-shaped spines predominated in APC cKOs (Figures 5c, 81 .6-38.9% ctl, P = 0.00002, Student's t-test), whereas mushroom spines predominated in control littermates (48.3-13.5% cKO, P = 0.00004).
Basal synaptic transmission is not altered in the APC cKO hippocampus Next, we assessed synaptic function in hippocampal CA1 pyramidal neurons of freshly isolated brain slices. Whole-cell recordings revealed fourfold increases in the frequency of AMPAmediated mEPSCs in APC cKO mice (Figures 5d and f ; P = 0.033, Student's t-test). Increased β-catenin levels may be the underlying cause (Figures 4a and b) , as augmented β-catenin levels lead to similar changes in mEPSC frequency in cultured hippocampal neurons. 57 APC cKO CA1 neurons displayed no change in AMPAR mEPSC amplitude (P = 0.10, Student's t-test) or rise time (P = 0.61), suggesting no alteration in baseline postsynaptic sensitivity. Decay kinetics were more rapid (P = 0.044), however, consistent with AMPARs that lack GRIA2 or contain GRIA4, characteristic of immature synapses. 58 Increased mEPSC frequency in APC cKOs suggests an increase in release probability or synapse number. To assess presynaptic function, paired pulse facilitation at SC-CA1 synapses showed no significant change (P = 0.390, two-way ANOVA, F(1,9) = 0.83; Supplementary Figure 1) . Increased mEPSC frequency, with no change in paired pulse facilitation, suggests an increase in density of functional presynaptic terminals.
Basal excitatory synaptic transmission was normal, based on extracellular recordings of field excitatory postsynaptic currents at SC-CA1 synapses. There was no change in the ratio of stimulus intensity to the slope of field excitatory postsynaptic currents (input/output, P = 0.277, two-way ANOVA F(1,9) = 1.34; Supplementary Figures 2 and 3) . Taken together, the structural and functional data suggest an increased number of immature excitatory synapses in APC cKO mice.
Modestly increased LTP in APC cKO hippocampal neurons APC cKO SC-CA1 synapses showed significant, modest increases in LTP induced by five trains of theta burst stimulation (TBS; Figure 5e ; P = 0.0315, repeated measure ANOVA, F(1, 19) = 5.392). The modest plasticity change in TBS-induced LTP in APC cKO mice resembles that caused by excessive Wnt signaling in wild-type hippocampal slices, with facilitated induction of LTP via acute and rapid upregulation of synaptic NMDA receptor currents. 59, 60 Metabotropic glutamate receptordependent long-term depression was not significantly altered (P = 0.0743 repeated measure ANOVA, F(1,18) = 3.59) at SC-CA1 synapses in APC cKO hippocampal slices treated with the group I mGluR agonist 3,5-dihydroxyphenylglycine (Supplementary Figure 3) .
DISCUSSION
Our data demonstrate that the APC cKO mouse is a new model of cognitive and autistic-like disabilities. This study provides the first direct test, to our knowledge, of APC's role at central synapses in vivo. Our findings elucidate the importance of APC in the mammalian brain by showing that it is an essential regulator of both synaptic adhesion complexes and signal transduction networks. This study identifies novel functional and molecular changes (increases in mEPSC frequency, TBS-induced LTP, β-catenin and canonical Wnt-target gene expression, and decreases in presenilin1), not observed previously, to our knowledge, in genetic mutant mouse models with co-morbid cognitive and autistic-like disabilities.
Several lines of evidence support our model for the critical role of APC in the mammalian brain. Patients with APC heterozygous gene deletion, de novo and inherited, and polymorphisms display ID and ASD. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] APC negatively regulates β-catenin levels in the canonical Wnt pathway. 3 De novo mutations in a distinct regulator of β-catenin-mediated gene expression, CHD8, and in β-catenin itself link to sporadic ASD and ID. [15] [16] [17] [18] [19] [20] 24, 25 β-Catenin has dual roles in canonical Wnt signaling and cadherin-based synaptic adhesion complexes. Dynamic regulation of both pathways modulates synaptic density, maturation and plasticity. 56, 57, [61] [62] [63] [64] During normal mammalian brain development, Wnt pathway components are expressed at high levels early and downregulated with maturation. 65 We show here that APC loss leads to excessive β-catenin and canonical Wnt signal transduction in the forebrain as well as cognitive and autistic disabilities.
Augmentation of β-catenin and the Wnt signaling pathway in wild-type hippocampal dissociated neuron and organotypic cultures cause similar functional and structural changes to those seen here in the APC cKO hippocampus in vivo, including increases in mEPSC frequency, TBS-induced LTP (including induction) and synaptic spine density. 56, 57, 59, 66, 67 β-Catenin functions presynaptically to enhance mEPSC frequency, with no change in evoked release, via its role in regulating the localization and release of specific synaptic vesicle pools, independent of Wntinduced transcription. 68 Tight regulation of β-catenin levels also appears to be necessary for memory consolidation. β-Catenin levels, experimentally manipulated to be abnormally high or low in the amygdala Figure 3 . Repetitive behaviors and reduced social interest in adenomatous polyposis coli (APC) conditional knock-out (cKO) mice. (a, b) In the repetitive novel object contact task, (a) APC cKO mice repeated a particular preferred sequence of visits to the four objects more frequently, after normalizing for the total number of object visits. **P o0.01, Student's t-test. (b) The cKO mice preserved their direction of movement, traveling clockwise or counterclockwise, significantly more than control littermates, based on differences in the slope of log plots of the directionality of movement, normalized for the total number of object visits P = 0.001345, linear regression of difference in slopes F(1,158) = 10.6425, n = 8 APC cKO mice and 10 controls. For comparison, the plot shows the slope for total preservation of movement in one direction (top dotted line) versus totally random directional movements to visit objects (bottom dotted line). (c-f) In the social versus nonsocial olfaction task, both APC cKOs and control littermates displayed the ability to distinguish odors. (c) They exhibited similar levels of interest in non-social odors, such as vanilla, and showed the typical habituation pattern, spending less time sniffing the same odor over the three successive exposures (d), linear regression of differences in the slopes; vanilla, P = 0.08796, F(1,56) = 3.01581), water (data not shown), P = 0.3199 F(1,56) = 1.00705; banana, P = 0.9119, F(1,56) = 0.012352 (e) APC cKO mice, compared with control siblings, exhibited significantly less interest in social odors (novel male cage odor, *P o0.05, Student's t-test, n = 11 cKO mice and 9 controls). Further, the control mice showed the typical habituation pattern on the successive trials. In contrast, APC cKO mice showed less robust habituation, they spent relatively equal amounts of time investigating the social smell in each of the three trials per odor (f, linear regression of the slopes of data in e). (g) In the three-chambered social interaction assay, both cKO mice and controls displayed a preference for a caged, novel mouse (ovariectomized wild-type female), versus an empty cage, but APC cKOs spent significantly less time interacting with (sniffing) the novel mouse, suggesting reduced social interest (**Po 0.01, Sidak-Bonferroni corrected t-test). (h) APC cKO mice and control littermates made a similar number of entries to both side chambers, suggesting no difference in exploration. n = 11 cKOs and 7 controls. during fear learning, disrupt fear memory consolidation. 69 Our data suggest that high β-catenin levels may impair spatial memory consolidation, based on the poor performance of APC cKO mice in Barnes maze probe tests at 12 days. On the other hand, experimentally decreasing Wnt signaling in the dorsal hippocampus immediately after training blocks object recognition memory. 70 Thus, constitutively high or low levels of β-catenin and canonical Wnt signaling negatively impact cognitive function. Synaptic activity induces Wnt release and dynamic, transient changes in β-catenin and canonical Wnt signaling levels. .7% of control (ctl) littermate levels) and hippocampal CA1 pyramidal neurons in the striatum radiatum (160.7 ± 6.9% of ctl levels; *P o0.05, ***P o0.001, Student's t-test; n = 10 neurons each region, 3 ctl and 3 cKO). (c) Quantification of spine shapes from Golgi-stained hippocampal apical dendrites quantified as a percentage of total spines analyzed (***P o0.001, Student's t-test, n = 10 APC cKO, 10 Ctl neurons, average of 10 side plane view spines/neuron). (d) Representative traces and histogram of frequency of AMPAR-mediated mEPSCs measured by whole-cell recordings from CA1 neurons of control and APC cKO brain slices. APC cKO CA1 neurons show increased AMPAR mEPSC frequency (cKO = 0.8835 ± 0.22 Hz; ctl = 0.208 ± 0.049 Hz). (e) APC cKO mice show modestly enhanced LTP induced at SC-CA1 synapses by delivering five trains of theta burst stimulation in hippocampal slices. *P = 0.0227, repeated measure ANOVA. n = 11 cKOs and 10 ctls. AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.
We propose that an optimal range and tight regulation of both β-catenin and canonical Wnt target gene expression levels are critical for normal learning and memory formation, highlighting the importance of APC's function as a key regulator of these networks in the mammalian brain.
Via regulation of β-catenin levels, APC also modulates cadherincatenin synaptic adhesion complexes and thereby regulates other signal transduction pathways critical for normal cognition. APC loss leads to increased association between β-catenin and N-cadherin, and decreased levels of presenilin1, the catalytic subunit of the γ-secretase that cleaves amyloid precursor protein and N-cadherin. The N-cadherin CTF2 fragment translocates to the nucleus and regulates CREB-dependent gene transcription. 53 Cognitive impairments link to presenilin1 cKO in forebrain neurons and human PSEN1 gene mutations link to Alzheimer's disease. 54 β-Catenin and canonical Wnt signaling levels are aberrantly low in the brains of Alzheimer's disease patients. 73, 74 Studies in aged mice implicate reduced adult neurogenesis as one mechanism of the cognitive deficits. 75 Spatial learning improved following experimentally induced local increases in Wnt signaling in the dentate gyrus. 75 In contrast to these positive effects of augmented Wnt pathway activation on cognition, APC cKO mice show high β-catenin/canonical Wnt signaling levels and cognitive impairments. The difference likely stems from APC-depleted neurons being unable to rapidly and transiently alter β-catenin/Wnt and presenilin/Creb signal transduction levels, as required for normal memory consolidation. 54, 69, 70 Our data have important implications for modulating Wnt pathway levels as a potential therapeutic strategy for cognitive deficits.
Our findings provide new insights into APC human gene mutations as a risk factor for ID/ASD. Interestingly, APC gene mutations are most commonly clustered in the β-catenin-binding domains, resulting in truncated proteins lacking this function. We show here that APC is essential for normal β-catenin, Wnt target gene expression and presenilin1 levels in the mammalian brain. Our studies provide direct support in an animal model for a critical role of APC in linking to and regulating synaptic adhesion complexes and signal transduction pathways that govern synaptic maturation, cognition and behavior.
Consistent with cortical glutamatergic neurons as a site of convergent expression of ASD and overlapping ASD/ID genes in the human and mouse brain, 20, 39 we show that loss of APC function in forebrain neurons leads to cognitive and autism-like phenotypes. Future studies are needed to further elucidate the underlying pathophysiological mechanisms. Selective manipulations of β-catenin and canonical Wnt networks will indicate whether dysregulation of these pathways mediates all phenotypes seen with APC loss or whether additional molecular changes may also play a role. Further, it will be interesting to test if APC loss from distinct brain regions and cell types, at early versus late developmental stages, will correlate with particular phenotypes. Such studies will define the molecular and cellular underpinnings of the co-morbidities and thereby provide new insights into potential targets for effective therapeutic interventions.
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